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Working memory: Is it the new IQ?
Working memory, our ability to process and remember information, is linked to a range of cognitive activities from reasoning tasks to verbal comprehension 1 . There is also extensive evidence of the relationship between working memory and learning outcomes 2 . However, some researchers suggest that working memory is simply a proxy for IQ and does not make a unique contribution to learning outcomes [3] [4] . Here we show that children's working memory skills at 5 years of age was the best predictor of reading, spelling, and math outcomes six years later. IQ, in contrast, accounted for a smaller portion of unique variance to reading and math skills, and was not a significant predictor of spelling performance. Our results demonstrate that working memory is not a proxy for IQ, but rather represents a dissociable cognitive skill with unique links to learning outcomes. Critically, we find that working memory at the start of formal education is a more powerful predictor of subsequent academic success than IQ. This result has important implications for education, particularly with respect to developing intervention and training. It appears that we should target our efforts in developing working memory skills in order to see gains in learning.
Working memory is comprised of multiple components whose coordinated activity is responsible for the temporary storage and manipulation of information. According to one widely used model, working memory is a domain-general component responsible for the control of attention and processing that is involved in a range of regulatory functions including the retrieval of information from long-term memory 5 . This model also includes two domain-specific stores 3 responsible for the temporary storage of verbal and visuo-spatial information and has been supported in studies of children [6] [7] , as well as adults 8 , and neuroimaging research 9 .
While working memory can be tested reliably from as young as four years of age 10 , performance on working memory tasks is subject to large degrees of individual variation 11 . This is illustrated in Figure 1 , which presents data from a verbal working memory test (listening recall) in 4 to 11 year olds. Z-scores were calculated using the trials correct measure of each test from all participating children; a score of 0 represents average performance on that measure across the entire age range. 12 . Working memory is also linked to math outcomes: low working memory scores are closely related to poor performance on arithmetic word problems 13 and poor computational skills [14] [15] . Working memory capacity also has a significant impact on learning, independent of IQ, in various developmental disorders such as reading disabilities 16 and
Developmental Coordination Difficulties 17 .
Given the strong links between working memory and learning, we addressed whether working memory is simply a proxy for IQ. One view is that working memory shares psychometric properties with IQ, yet is dissociable 18. An alternate account is that these two constructs are so highly correlated that they could be considered as isomorphic properties 19 . We tested these competing views in a longitudinal study with children. We assessed typically developing children first at 5 years old and then again at 11 years old on standardized measures of working memory, IQ, and learning. We assessed working memory using tasks where the individual is required both to process and store increasing amounts of information. An example of such a task is listening recall, in which the participant hears a sentence, verifies it, and remembers the final word. Tasks of short-term memory, in contrast, place minimal demands on processing and are often described as storage-only tasks. Verbal short-term memory was assessed using tasks that require the participant to recall a sequence of verbal information, such as digit recall and word recall. In order to test the predictive power of IQ in learning, we included measures of fluid intelligence (object assembly and block design) and crystallized intelligence (vocabulary). We measured learning outcomes with standardized measures of reading, spelling, and math (Methods).
Looking first at the relationship between working memory and IQ, we found that fluid intelligence tested at 5 years old was significantly correlated with verbal working memory skills at 5 years (r = .37, p<.001) and 11 years (r = .41, p<.001). Crystallized intelligence tested at 11 years old was only significantly linked with verbal working memory skills at 11 years (r = .38, p<.001). This indicates that while working memory and IQ are moderately associated, there is 5 not substantial overlap between these cognitive constructs. Of additional interest was whether maternal educational level, an index of socio-economic levels, correlated with either working memory or IQ performance. We found that the mother's educational level was significantly related to IQ scores (vocabulary; r = .28, p<.05); but not working memory, which suggests that working memory performance is not strongly impacted by socio-economic factors.
In order to find the best set of predictor variables (working memory or IQ) in learning outcomes, we conducted a series of stepwise regression analyses. We entered six predictor variables: verbal short-term memory and verbal working memory at 5 years and at 11 years;
fluid intelligence at 5 years; and crystallized intelligence at 11 years. Model statistics, as well as standardized beta values and t-statistics, are provided in the supplementary information. In each aspect of learning, we found that verbal working memory at 5 years was the best predictor of success. IQ at 5 years was the next best predictor of math outcomes, while IQ at 11 years was linked to reading. We found that verbal short-term memory at 11 years was the next most important predictor of spelling success, which can be explained by the nature of spelling tests.
Students are required to dissect the letters and sounds of a word while they keep it active in their mental workshop, which relies on verbal short-term memory. Figure 2 illustrates the amount of unique variance captured by working memory and IQ for each learning outcome (reading, spelling, and math).
<Figure 2 here>
We conclude that working memory represents a dissociable cognitive skill that is more important than IQ in predicting learning outcomes. This finding is important as it addresses concerns that general intelligence, once viewed as a reliable predictor of academic success, is unreliable as an individual can have an average IQ score, yet perform poorly in learning outcomes. We also establish a key difference between working memory and IQ is that the former is relatively impervious to environmental influence such as the quality of social and intellectual stimulation in the home, including financial background 20 and the number of years spent in preschool education 21 .
The finding that working memory, rather than IQ, is the best predictor of learning has valuable implications for education. In the classroom, students frequently have to rely on working memory to perform a range of activities. Poor working memory leads to failures in simple tasks such as remembering classroom instructions to more complex activities involving storage and processing of information and keeping track of progress in difficult tasks
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. 25 . By supporting working memory in the classroom, we can considerably improve learning outcomes.
Methods
Participants. Children were recruited from a larger study, involving a wide range of cognitive Age in years
